INTRODUCTION
Due to the unique advantages such as higher stability, easier separation, better regenerability and enhanced selectivity, heterogeneous acid catalysts could be used as a potential substitute to homogeneous acid catalysts in the esterification of feedstocks containing a high level of free fatty acid. In addition, several drawbacks of downstream processing-product separation, purification, and neutralization associated with homogeneous catalysis could also be avoided, making the production process more economical. The excellent catalytic activities of heterogeneous acid catalysts in the esterification of free fatty acid were described by different authors 1 3 .
The large surface areas, flexible pore sizes, and accessible surface active sites with controllable densities, the organofunctionalized mesostructured materials have been considered for a wide range of catalytic reactions 4, 5 . Mesoporous silica SBA-15 with well-ordered hexagonal arrays of cylindrical channel, pore sizes in the range of 20-300 Å with narrow pore size distribution, high surface area 500 -1000 m 2 /g , pore wall thickness 30-50 Å with a large number of silanol groups at the surface of its pore channel was feasible for the incorporation of organofunctional group 6 8 and the resulting organo-modified materials were tested in the esterification of large substrate molecules, such as fatty acids and esters 9 11 . The covalent attachments of organosulfonic functional groups to the surface of the mesoporous materials could be achieved by two strategies-a post-synthesis grafting and one-step co-condensation methods 12 14 . The hydrothermal stabilities of mesoporous silica 15 and functionalized mesoporous silica 16, 17 are also important issues for various catalytic applications. This study was aimed to evaluate the esterification activity of propyl sulfonic acid-functionalized mesoporous SBA-15 silica synthesized at 130 . In this work, SBA-15-PrSO 3 H was prepared by the direct one-step strategy and the material was characterized by XRD, FT-IR, TGA, N 2 adsorption-desorption, TEM, and ion-exchange capacity. For activity comparison, phenylethylsulfonic acid-functionalized silica gel, and dry amberlyst-15 were also used. The reusability of the synthesized SBA-15-PrSO 3 H solid was also conducted in order to evaluate the suitability of solid catalyst for esterification of free fatty acids.
Pluronic P123 Aldrich , a triblock copolymer PEO 20 
Other solid acids
For the activity comparison of the mentioned catalyst, the phenylethyl-SO 3 H silica material was also prepared according to the procedure as described by Melero et. al. 20 using a Grace Davison silica G5H support and 2-4-chlorosulfonylphenyl ethyltrimethoxysilane CSPTMS as grafting species. The G5H material is a mesoporous silica with a very narrow pore size distribution centered around 16 nm and a surface area of 513 m 2 /g. Dry amberlyst-15 0.3-1mm, Rhom-Hass was also used to compare their performances in esterification reaction.
Characterization
Powder X-ray diffraction XRD patterns 2θ range from 0.5 to 6 with a resolution of 0.02 were performed on a D8 ADVANCE BRUKER AXS diffractometer using Cu Kα radiation. Transmission electron microscopy TEM images were obtained using a JEOL 1200 EXII electron microscope operating at 120 kV. Nitrogen adsorption and desorption isotherms at 196 were collected using a micromeritics TriStar 3000 unit. All samples were degassed at 120 for 6 hours before measurements. The surface area was calculated by the BET method and pore diameters were determined from the nitrogen desorption branch by the Broekh o f f a n d d e B o e r B d B m e t h o d , r e s p e c t i v e l y. Thermogravimetric analysis TGA were carried out on a NETZSCH TG 209 apparatus at a heating rate of 10 /min from 25 to 900 under air flow. Ion-exchange capacities of samples were determined using aqueous solutions of sodium chloride 2 mol/dm 3 as exchange agents. In a typical experiment, 0.05 g of solid was added to 10 g of 2 mol/dm 3 NaCl aqueous solution and stirred for 15 hours to equilibrate and thereafter titrated by dropwise addition of 0.01 mol/dm 3 NaOH aqueous solution with phenolphthalein as indicator. From the volume of titrant solution, the acid exchange capacity was determined in units of meq H /g of solid 18 . Fourier-transform Infrared diffuse reflectance spectra DRIFT were recorded on a Bruker Equinox 55 spectrophotometer, at room temperature, in the range 4000-1000 cm 1 resolution 4 cm 1 , 32 scans . Catalyst samples are diluted in KBr. The estimation of the hydrothermal stability of the synthesized SBA-15-PrSO 3 H solids was conducted by refluxing the solids in deionized water 0.5 g of solid/0.5 L of water for 1 day. The solids were recovered by filtration and oven-drying.
Catalytic activity tests
All the liquid-phase esterification reactions were conducted in a 100 cm 3 two-necked flask equipped with a water-cooled reflux condenser in a thermostatic oil bath with a magnetic stirrer. In the typical experiment, the reaction mixture of oleic acid 5 g to methanol 5.66 g and 2 wt of catalyst referred to oleic acid was used with a fixed stirring rate of 600 rpm at 60 in air. Unless otherwise specified, all kinetic reactions were performed at 60 and all solid acid catalysts were activated prior to esterification. Firstly, the mixture of the desired molar ratio of oleic acid to methanol was pre-heated while stirring. Once the required temperature was achieved, the esterification reaction was started by charging the catalyst t 0 of the reaction . The periodically withdrawn samples were filtered and injected by using a microscale syringe 1 1 in a Varian 3900 gas chromatograph, equipped with a flame ionization detector and a HP-5 capillary column 30 m 0.32 mm i.d, 0.25 μm film thickness and hydrogen gas as a carrier gas at 1 ml/min. T injector 280 , T detector 285 . The oven temperature was programmed from 180 to 280 with a rate of 10 /min and then 2 minutes isothermal conditions were applied. The methyl oleate yield was calculated by the calibration curve. The aim of the standardization is to quantify the product in mol formed during the esterification reaction. In order to standardize the methyl oleate, four methyl oleate solutions at different concentrations in the range of 0.125 mol/dm 3 to 1 mol/dm 3 , in methanol have been prepared by successive dilution and injected in gas chromatograph. The ratio area of methyl oleate peak / area of methanol peak or A1/A2 is calculated and then, the graph A1/A2 versus methyl oleate is drawn, assuming constant the methanol concentration solvent .
Consequently, the response coefficient is the slope of the straight line. The TEM images also confirm the uniform and well-ordered mesostructure with a hexagonal symmetry p6mm of the typical honeycomb appearance of SBA-15 material as in Fig. 2 . The nitrogen adsorption-desorption isotherms at 196 of different sulfonic-modified mesoporous silica are reported in Fig. 3 . Both isotherms are of characteristic type IV with H1 type hysteresis loops according to the IUPAC classification, exhibiting sharp step hysteresis loops of typical mesoporous materials including pores of constant cross-section with narrow pore size distribution. The absorbate uptake of SBA-15-PrSO 3 H at the low relative pressure region was higher than that of phenylethyl mesoporous silica material, corresponding to a higher surface area with larger pore volume measuring at the top of the filling step. Even using large MPTMS loading in the sample, the large pore volume and S BET of SBA-15-PrSO 3 H could be achieved with the indication of the important role of synthesized temperature at 130 , removing the micropores with simultaneous development of mesopores for easy attachement of organo functional groups during the catalyst synthesis.
The amount of incorporated organic functional groups was determined by thermogravimetric analysis on samples under air flow as shown in Fig. 4 . The TGA thermograms show the first peak lower than 100 due to the desorption of water followed by an intense broad peaks between 400-600 corresponding to the decomposition of sulfonic acid group. In the thermogram of SBA-15-Pr-SO 3 H, absorption peak between 130 and 350 is related to the loss of remaining surfactant molecules, unoxidized thiol groups, and ethoxy groups adsorbed on the solid surface during the surfactant extraction process by acidic-ethanol mixture 21 .
Thus, the organic composition in the SBA-15-PrSO 3 H material was ca.1.9 mmol/ g of solid which was lower than the reported value ca.2.12 mmol/g 18 .
In order to determine the accessibility of sulfonic acid in the functionalized materials, ion-exchange capacities taken by acid-base titration 18 are shown in 22 . The weak peaks in the low frequency region 1300-1500 cm 1 and 2800-3000 cm 1 are probably from the C-H stretching bands of ethoxy group from ethanol used during template extraction 23 . The absorption peak associated with the S-H band could not clearly be seen due to the lower absorption coefficient of the ν S-H .
Cataytic activity tests of sulfonic acid-functionalized mesoporous silicas
The experimental results obtained from the assessement of catlytic performance of the sulfonic acid-functionalized solids in the esterification of oleic acid with methanol are shown in Table 2 and Fig. 6 . The excess methanol was practically used in the esterification reaction to put forward the reaction equilibrium to the product side. From the GC analysis of the periodically withdrawn samples, methyl oleate was observed as only one product. The initial rates were determined during the first 10-30 minutes of the reaction, corresponding to the quantity of methyl oleate 10 mol . Autocatalysis of oleic acid is quite slow in the reaction, giving 1 yield of methyl oleate for 2 hours. In addition, the unloaded SBA-15 also showed the low activity giving 1 after 2 hours. The incorporation of an electronwithdrawing phenyl group with the sulfonic acid group to the PhEtSO 3 H silica soilds exhibited higher acid strength with higher methyl oleate conversion than that of SBA-15-PrSO 3 H silica material 24 . However, the turnover frequency TOF of SBA-15-PrSO 3 H is identical to that of PhEtSO 3 H silica suggesting that bulky oleic acid molecule could easily access to the active sites in the reasonable large mesopores of SBA-15-PrSO 3 H. Amberlyst-15, an ionexchange resin, is commonly used for esterification and transesterification reactions. Activation of amberlyst was carried out, following the procedure described by Wainwright et al 25 . The catalyst is washed in distilled water and dried at 100 for 4 hours. Then it is put in 10 wt sulfuric acid solution for 2 hours and afterwards, it is washed with water until neutrality and dried at 100 before use. An interesting study 26 shows that the resistance of the internal diffusion is important with particles greater than 0.125 mm. Consequently, the internal diffusion resistance is significant in commercial particle sizes of amberlyst-15 0.3-1 mm . In addition, the low activity could also be attributed to the difficult accessibility of fatty acid substrate to the active 24 .
Influence of the mass of catalyst SBA-15-PrSO 3 H was studied in esterification reaction by charging different catalyst loadings into the reaction vessel. The results demonstracted that the initial rate doubles when the catalyst mass doubles, suggesting that the reaction is not limited by mass transfer. The initial rate is proportional to the acidic sites concentration. The sulfonated mesoporous silica SBA-15-PrSO 3 H was used in repeated runs. After reaction, the catalyst is filtered and washed with ethanol. The recycled solid is stirred in ethanol for 4 hours two times, oven-dried at 80 and then used for the next reaction. The reaction is tested up to three recycles and no-decrease in the initial rate is observed as shown in Fig. 7 .
CONCLUSIONS
Propylsulfonic acid-functionalized mesoporous silica SBA-15 has been synthesized via the direct one-step synthesis. The experimental results revealed that the intrinsic per site activity of synthesized propylsulfonic-functionalized SBA-15 solid could be comparable to that of phenyl ethyl sulfonic acid functionalized silica and higher than that of commercial sulfonic acid solid, dry amberlyst-15, due to an easy accessment of oleic acid substrate molecule to the acid sites attached to reasonable large mesopores of SBA-15-PrSO 3 H solid synthesized at 130 . Besides, the hydrothermal and operational stability of SBA-15-PrSO 3 H solid partially ascribed to the contribution of thick pore wall as well as the propyl group present in the hybrid material.
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